Abstract Because of the complex pore structure and the strong heterogeneity of the Svk carbonate reservoir in the Y Field, water saturation distribution and petrophysical properties, such as porosity, permeability and capillary pressure are difficult to be characterized. To solve this problem, a new method to interpret water saturation was presented. By this method, the relationships among porosity, permeability and different pore throat radii are fitted and a typical radius R30 (the pore aperture radius corresponding to 30 % of mercury saturation in a mercury penetration test) selected. By fitting the capillary pressure curves with Corey-Brooks function, the threshold pressure, the irreducible water saturation and the Corey exponent ''n'' of each capillary pressure curve can be determined, and the relationship between R30 and the threshold pressure, R30 and the irreducible water saturation, and R30 and the Corey exponent can all be fitted. If the R30 value is known, the threshold pressure, irreducible water saturation and Corey exponent can be calculated by the fitting equations; hence, the water saturation at a given height from FWL can be calculated by the Corey-Brooks function. The water saturation calculated by saturation height function is consistent with that of the well log interpretation and the error is less than by other methods. During the process of three-dimensional saturation modeling, an R30 criterion is presented to define rock types, six petrophysical rock types with different reservoir properties are distinguished and a link is set up between rock types and log responses by the KNN method. Logs are utilized to predict rock types of non-cored wells according to this link, and a three-dimensional rock-type model is established by the Petrel software. R30 value of each grid can be calculated by R30 formula when three-dimensional porosity and permeability models are built with the restraint of rock-type model. Then, on the basis of the saturation height function, a threedimensional water saturation model can be obtained.
Introduction
Confirming the saturation distribution of a geologic model is a key step in the process of OOIP calculation of any integrated reservoir. The conventional and globally accepted method of saturation modeling is based on the capillary pressure curve data, which is obtained from the special core analysis (Jamiolahmady et al. 2007; Kumar et al. 2002; Zhao et al. 2008) . The water saturation distribution above the FWL in an oil reservoir is controlled by the balance of capillary pressure and gravity forces, and when the capillary pressure is available, the water saturation at any given height will be known. Such relationship, known as the saturation height function, is used to estimate the saturation values away from the well locations and to calculate the hydrocarbons in place volumetrically (Buiting. 2007; Yan et al. 2008; Mohammad et al. 2012; Hu et al. 2012; Luo et al. 2013) .
The saturation height functions can describe the drainage process during the hydrocarbon migration and are expressed as a relationship among the saturation, the height above the free water level and some model properties (commonly porosity and permeability). It can be used for the accurate modeling of water saturation, which has an effect on the geological reserve calculation, recoverable oil prediction and the future development planning. For a reservoir, the water saturation height functions are quite various. These variations are significant and difficult to estimate (Cuddy et al. 1993; Paul 2001; Kumar 2011; Seth et al. 2013) . If the functions are not suitable for a reservoir, it will lead to inaccurate approximations during the process of the numerical simulation history matching for a field (Obinna et al. 2010; Joseph et al. 2012) . Because of the wide range of lateral variations of the physical properties, carbonate reservoirs often have poor or no porosity/permeability correlation which will increase the complication in building capillary pressure models for non-cored wells (Buiting and Aramco 2011; Guo et al. 2007; Ibrahim 2009 ).
To interpret the water saturation more accurately, a new method has been presented to obtain a good match for complex carbonate reservoirs. In this method, typical radius R30 (the pore aperture radius corresponding to 30 % of mercury saturation in a mercury penetration test) is selected to describe the flow capacity of carbonates, and capillary pressure curves are used to establish the saturation height function by combining Corey-Brooks function and R30. During the geological modeling process, the reservoir rock types are divided into six kinds, and each rock type has a different fluid distribution. After the permeability and porosity model were built, the three-dimensional water saturation model can be obtained on the basis of the saturation height function.
Field description
The Svk reservoir of Y Field is on the transition belt between the Zagros Fold Zone and the eastern margin of the Arab Platform. This field is an elongated anticline, which extends about 45 km in the north-south direction and about 15 km on the east-west direction. The mid-depth of the reservoir is 2,950 m, with the reservoir pressure of 4,800 psi. The storage space is dominated by the secondary porosity and the vugs, and there are few fractures in this reservoir. The average porosity is 12.04 %, and the average permeability is 5.87 mD.
Correlation of porosity, permeability and pore throat radii
Winland used the mercury injection-capillary pressure curves to develop an empirical relationship among the porosity, the permeability and the pore throat radius of the reservoir rock obtained from Spindle Field, Colorado. He tested 321 different water wet samples and correlated the relationship among the porosity, the air permeability and the pore throat radii corresponding to different mercury saturations, and then found that the 35th percentile gave the best correlation. The 35th percentile equation to approximate pore throat sizes was used and published by Kolodzie (1980) : 
where R 35 is the pore aperture radius corresponding to the 35th percentile of mercury saturation in a mercury porosimetry test, K air is uncorrected air permeability (mD) and u is porosity (%). After the Winland multiple regression analysis approach was published, this method was applied to many other areas. However, the best correlation of the porosity and the air permeability to pore throat radii does not always correspond to the mercury saturation of 35 %. Pittman (1992) developed a series of empirical equations to calculate the throat radii with the mercury saturations ranging from 10 to 75 % and found the best result at 25 %.
In the Y Field, a lot of capillary pressure experiments have been done. By applying Pittman's method on these data, we calculated the throat radii with the mercury saturations ranging from 10 to 85 % and found 30 % was the best percentile instead of 35 % (Table 1) .
Saturation height function
Fitting for capillary pressure curves At present, there are many methods to describe the relationship between the capillary pressure and the water saturation. Corey-Brooks function is an effective method for carbonate reservoirs. Corey-Brooks function was specially developed to describe capillary pressure curves. It represents both the long and the short transition zones well. Also, it fits most capillary curves well. Therefore, this method is the first choice.
The Corey-Brooks function is presented in the following form (Joseph et al. 2012) :
where P ce is the threshold pressure; P c is the capillary pressure; S wr is the irreducible water saturation; and n is the Corey exponent. Before fitting the capillary curves by the Corey-Brooks function, the laboratory capillary pressure curves require the following corrections because of the following effects:
1. closure correction: because of rough surface of core sample, the voids created by surface irregularities will be filled with mercury before it truly enters the pore network, this effect can be identified by a steep change in slope at low saturations when the capillary pressure is plotted on a log-scale.
2. confining stress correction: under reservoir conditions the rock suffers a different stress regime than during laboratory capillary curve measurements, the latter usually being made under atmospheric conditions. Such stress relief increases both porosity and permeability, and affects capillary curve-derived saturations.
3. clay correction: the existence of clays can alter the effective water saturation, therefore, the laboratory capillary pressure curves should be corrected based on experimental data.
4. wettability and interfacial tension correction: since the laboratory fluid system does not have the same wettability and surface tension as the reservoir system, it becomes necessary to convert laboratory capillary pressure to reservoir capillary pressure (Fig. 1) .
Using the Corey-Brooks function to fit the capillary pressure curves and the threshold pressure, irreducible water saturation and Corey exponent n can be obtained, as shown in Fig. 2 .
After all capillary curves from core samples have been smoothed and fitted by the Corey-Brooks function, a set of Corey parameters, i.e., the threshold pressure, the irreducible water saturation and the Corey exponent, can be derived. Then, the relationship to estimate Corey parameters from some rock properties of reservoir can be obtained. Figure 3 shows the relationship among R30, the threshold pressure, the irreducible water saturation and the Corey exponent n in semi-log plots. It can be found that with the increase of the critical radius R30, the threshold pressure and the irreducible water saturation decrease and the Corey exponent n increases. The formulas between R30 and the other parameters are presented by fitting the test data with the exponential function: 
Saturation height function model
On the basis of those formulas, the initial water saturation can be calculated by selecting a favorable R30.
Before the development of reservoirs, the fluid is quiescent and the water saturation distribution above the FWL in this oil reservoir is controlled by the balance of the capillary pressure and the gravity force. The value of the capillary pressure depends on the pore throat radius, and the gravity force depends on the density difference between water and oil. According to Corey-Brooks function, the saturation height function can be obtained by combining the height above the free water level, the reservoir depth and the pore throat size. The equation can be expressed in the following form:
where Dq is the density difference between water and oil, g/cm 3 ; g is acceleration of gravity, m/s 2 ; and HAFWL is height above free water level, m.
Comparison between water saturation obtained from logging and saturation height function
Fitting for saturation from logs
For the wells, the water saturation can be obtained by interpreting the wireline logging. One purpose of this research is to build up the water saturation profile that matches the interpreted electrical log saturation profiles.
The above method is used to determine the saturation profile of A1 and A2 wells in the Svk reservoir. The results match the saturation profiles interpreted from the electrical logs very well as shown in Fig. 4 . Figure 5 is the cross plot of the water saturation interpreted by logging and the one calculated by the saturation height function of the A1 well. It indicates that these two 
To elaborate on the accuracy of different saturation height functions, two criteria have been made to quantify the accuracy of each method:
1. Average absolute percentage deviation, AAD %, which is calculated by using the following equation (Mohammad et al. 2012) :
2. The standard error of estimate (Mohammad et al. 2012 )
where subscripts (log) and (core) denote the values obtained from log and core analyses, respectively. Table 2 shows the accuracy of the saturation height function in this paper and two other methods which can be found in some literature. It is found that the saturation height function method produces fewer errors than the other methods; thus, it is the best among these three.
Three-dimensional saturation model
The saturation height function presented above can be used to establish the water saturation model between wells. Firstly, the R30 method can be used to identify the rock types of carbonate reservoirs. Secondly, a link is set up between rock types and log responses, and then the logs are utilized to predict rock types of non-cored wells according to this link.
With the rock types of each well known, a 3D rock-type model will be established through sequential indicator simulation. The R30 value of each grid can be calculated by the R30 formula when a three-dimensional porosity and permeability model is built up with the restraint of the rock-type model. Then the threshold pressure, irreducible water saturation and Corey exponent can be obtained from Eqs. (3)-(5). The water saturation of each grid can be obtained from Eq. (6).
Classification of rock types
As shown in Fig. 6 , because of the strong heterogeneity in the Svk carbonate reservoir, the peak of the pore throat
derived from the MICP test shows quite various distributions. Based on the pore throat distribution of plugs, five pore throat radii are used to define rock types, and the typical radii are r = 0.1 lm, r = 0.3 lm, r = 1.0 lm, r = 3.0 lm and r = 10.0 lm. Six petrophysical flow units with different reservoir performances can be distinguished and clearly defined as: (1) Capillary pressure data are useful in characterizing rock types because it is an indication of pore throat size distribution within one rock type. Figure 7 shows different capillary pressure curves of each rock type in the Svk reservoir. We could find that there were some clear banding based on the R30 method. When the mercury saturation is 30 %, there is one turning point on the capillary pressure curve and the ''width'' of the capillary pressure curve set becomes narrow. At the mercury saturation of 30 %, the pore spaces dominate the flow behavior, while the rest of the pore spaces only contribute to storage and not to the flow; this further verifies the reliability of the R30 method. As the rock number becomes larger, the flattened segment of the capillary pressure curve becomes higher. Figure 8 is the thin-section photos of each rock type, and their main textures are different for the six major rock types. From group (a) to group (f), the rock quality becomes worse. Rock type 1 develops fractures that lead to high flow conductivity and high permeability. Rock type 2 develops lots of vugs, which connect with each other and form flow network. Rock type 6 is very tight with low porosity so that the fluid cannot move in this rock type. Therefore, it could act as a barrier. The textures of rock There are 1,640 samples from nine cored wells, of which the porosities and permeabilities were tested in the laboratory. The samples are divided into six petrophysical facies as shown in Fig. 9 by five typical lines. The porosity and permeability relationship can be obtained by using data of each rock type. Table 3 shows the average porosity, the permeability and the relationships between porosity and permeability of each rock type in the Svk reservoir. We can see that the average permeability and porosity become larger as the rock properties become better, and each rock type has different fitting equations with reasonably high correlation coefficient.
Three-dimensional geological model
To predict the rock types of uncored intervals or uncored wells, the KNN algorithm is used to establish a link between the rock types and the logging parameters (Francesconi et al. 2009; Michel et al. 2009 ). There are many parameters on the log curves, such as the shale content (Vsh), resistivity (RT, RS), compensated neutron logging (CNL), density (DEN), sonic transit time (DT), porosity (POR) and water saturation (S w ). All the interpreted logs are normalized by using the following equation:
where d is the normalized log value, and d min and d max are the minimum and maximum values of the d log data, respectively. The values of the normalized logs are extracted at the same depth as the core plugs, and the normalized log value and petrophysical facies number of plug are regarded as one sample. The log value is a known parameter for all wells and the petrophysical facies number can be trained by the known samples.
We use an arbitrary well in the nine cored ones as the blind well and the samples from the other eight wells as the training samples. After comparing the predicted results and the measured ones in the laboratory, the accuracy of the KNN algorithm can be confirmed. As shown in Fig. 10 , the predicted accuracy is greater than 70 %, ranging from 71.6 Accuracy of test samples, % blind well Fig. 10 The predicted accuracy when well i is taken as blind well to 90.5 %, and the average predicted accuracy is 83.1 %.
The predicted results can be used to judge the rock type of the reservoir. Based on the above study on the RRT scheme, Wellderived RRT curves for current wells are used to create the 3D model by the Petrel software. After the rock types of all wells are predicted, a 3D rock-type model is established by the sequential indicator simulation as shown in Fig. 11a . Six RRTs for the Svk reservoir are defined, respectively, and from RRT1 to RRT6 the reservoir properties become worse gradually.
Once the reservoir rock type has been chosen and distributed in the 3D volume, the next task is to generate properties such as porosity and permeability. These properties are originally derived from the rock types and the well logs (Gomes et al. 2008; Salman and Bellah 2009; Tan et al. 2013) . By integrating the rock type and the well log data, a 3D porosity model will be built (Fig. 11b) . The final permeability model was obtained on the basis of the permeability-porosity relationships (shown in Table 3 ) for each rock type as shown in Fig. 11c . After the three-dimensional porosity and permeability model was built, the R30 formula was used to calculate the R30 value of each grid. Then the threshold pressure, irreducible water saturation and the Corey exponent can be obtained from Eqs. (3)-(5). Water saturation of each grid can be obtained from Eq. (6), and Fig. 11d shows the three water saturation models. Figure 12 shows the profile of water saturation distribution which is derived from the saturation height function. The oil/water transition zone is apparently displayed in the model. As the distance gets farther from the free water level, water saturation becomes lower. Additionally, rock quality also has an effect on water saturation. With the increase of the rock-type number, the rock quality becomes better and the water saturation becomes higher. The saturation height function can be used in the numerical simulation model directly. Therefore, the reserve of the geological model and the numerical model is unity and the calculating accuracy of the fluid model is improved.
Conclusions
Saturation distribution of a geologic model is very important for OOIP calculation of reservoirs. A precise prediction of the saturation model could give us a better understanding of the underground reservoir fluid flow and also improve oil recovery. In this study, we provide an improved new method to calculate saturation distribution according to pore throat distribution and draw the following conclusions:
1. The relationships among porosity, permeability and different pore throat radii were fitted and the typical pore throat radius R30 was selected. The relationship among R30-threshold pressure P ce , the irreducible water saturation and the Corey exponent was obtained. Then, single well initial water saturation was calculated by selecting the relevant parameters according to the pore throat radius, and the result was consistent with the well log interpretation result.
2. The R30 method is presented to define rock types. Six petrophysical flow units with different reservoir properties can be distinguished and each rock type has similar capillary pressure curves. When the mercury saturation is equal to 30 %, the capillary pressure curves have a turning point and the ''width'' of a set of capillary pressure curves becomes narrow.
3. A link was set up between rock types and the log responses. Logs were utilized to predict rock types in noncored wells according to this link, and a three-dimensional rock-type model was established. With the restraint of the rock-type model, a three-dimensional porosity and permeability model can be built. The R30 value of each grid can be calculated by the R30 formula.
4. By using the saturation height function, a three-dimensional water saturation model can be obtained. The model has an obvious oil-water transition zone, and the water saturation decreases with the increase of the height from the free water level. Besides, with the change of the model internal physical properties of rock, the water saturation also shows different characteristics.
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